Confocal laser-scanning microscopy is a useful tool for visualizing neurons and glia in transparent preparations of brain tissue from laboratory animals. Currently, imaging capillaries and venules in transparent brain tissues requires the use of fluorescent proteins. Here, we show that vessels can be imaged by confocal laser-scanning microscopy in transparent cortical, hippocampal and cerebellar preparations after clarification of China inkinjected specimens by the Spalteholz method. This method may be suitable for global, three-dimensional, quantitative analyses of vessels, including stereological estimations of total volume and length and of surface area of vessels, which constitute indirect approaches to investigate angiogenesis.
Introduction
Confocal laser-scanning microscopy is a useful tool for capturing images of fluorescent proteins chemically linked to neurons and glia in transparent brain specimens from laboratory animals (Hama et al. 2011; Chung & Deisseroth, 2013; . The study of transparent gross anatomical specimens was pioneered by Werner Spalteholz who, in 1911, published a method for generating three-dimensional (3D) views of the vascular systems inside different organs, tissues and organisms (Spalteholz, 1911) . Later, this method was modified for different purposes, including microscopic studies (Steinke & Wolff, 2001; Saito et al. 2013; Wrzeszcz et al. 2013) . Kellner et al. (2012) imaged clarified mouse lungs with scanning laser optical tomography (SLOT).
More than 100 years after Spalteholz, complete transparency is still a greatly sought-after objective of scientists hoping to achieve perfect 3D microscopic images.
New methods, such as Scale â and Clarity, are promising tools with applicability over a wide range of research topics and diagnostic methods, starting with 3D images of brain cells and potentially extending to images of any tissue or organ (Hama et al. 2011; Chung & Deisseroth, 2013; . Neurons and glial cells are typically the models of choice for new methods, but visualization of the microvasculature in the nervous system is also necessary to investigate physiological processes, such as adult neurogenesis (Kahle & Bix, 2013; Sawada et al. 2014) and pathological processes and therapies in conditions such as brain tumours (Li & Li, 2014; Sie et al. 2014) , epilepsy (Mintzer, 2014) and dementia (Gorelick et al. 2011; Kelleher & Soiza, 2013; Lyros et al. 2014; Jellinger & Attems, 2015) . Angiogenesis plays a central role in multiple physiological and pathological conditions, making new imaging methods for visualizing the microvasculature essential. However, current techniques not only are inhomogeneous but also can lead to flawed conclusions as a result of misinterpretations and biases (Dockery & Fraher, 2007; Leung & Jensen, 2013; AlMalki et al. 2014; M€ uhlfeld, 2014) . A higher-resolution method for imaging microvessels in the brain and in other dissected brain structures in laboratory animals is needed (Leung & Jensen, 2013; AlMalki et al. 2014; M€ uhlfeld, 2014) . Different methods have been developed to visualize in vivo cerebral microvasculature such as X-ray computed tomography (CT), ultra-sonography and photoacoustic microscopy. Other methods like two-photon and confocal microscopy require exogenous fluorescent probes and involve variables that can introduce artefacts (Liu et al. 2013) . In spite of the usefulness of different methods, our contribution opens the possibility of a simple and low-cost protocol to prepare different brain structures to be imaged by confocal laser-scanning microscopy without tenuous mechanical microtomy.
Materials and methods

Animals
Male Wistar rats (n = 6; 60 days old) were obtained from CEDEME-UNIFESP and housed three to a cage. All animals were provided with food and water ad libitum. Animals were maintained in a room with controlled temperature (~22°C), humidity (60% relative humidity) and light cycles (12 h/12 h light/dark cycle). The experimental procedures were carried out in accordance with the approved guidelines by the Research Ethics Committee of UNIFESP (protocol number 203573/13).
Perfusion-fixation protocol
All animals received an intraperitoneal injection of heparin (Hepamax-X, Blau Farmacêutica S.A., Brazil; 30 000 IU kg À1 ) 5 min before the procedure. Animals were then deeply anaesthetized (3 M chloral hydrate) and perfused via the heart left ventricle using a 25G sterile scalp-vein cannula with 100 mL of 0.1 M phosphate-buffered saline (PBS) containing heparin (250 IU mL À1 ) followed by 100 mL of a 10% formaldehyde solution in 0.1 M PBS.
A colourless, sugar-free gelatin solution was prepared in cold water and left overnight (Otker, Brazil; commercial food gelatin). The solution was heated to 60°C for 1 h before the procedure and stirred with a glass rod for complete homogenization. Care was taken not to generate air bubbles that could obstruct the perfusion procedure. China ink (3%; BIC, Brazil) was dissolved in the hot gelatin solution (40°C) until the solution was homogeneous. The China ink/gelatin suspension, which was kept at 37°C, was collected with a 20-mL syringe (BD Plastipak) and a 25G 9 7″ needle, and care was taken to avoid generating air bubbles. The suspension was then injected into the left ventricle of the animal's heart. Animals were placed in warm water (36-40°C) for at least 5 min before gelatin injection. The gelatin suspension was injected with a flux of~0.5 mL s À1 to prevent solidification. Following injection, animals were placed in icecold water for 2 h. After the gelatin solidified, the animals' brains were carefully removed from the skull. The hippocampus, cerebral cortex and cerebellum were carefully dissected out of the brain, and weighed before and after clarification and clearing. The specimens were transferred to a 10% formaldehyde solution and incubated for 48 h. This solution contained a volume of formaldehyde that was at least 10 times the volume of the brain. All solvents and reagents used after this point were obtained from Synth (Brazil).
Note: it is important to observe that when making an adequate injection of gelatin-China ink, the structures are in dark grey and the macroscopically visible vessels are stained in black.
Clarification
Brain structures (cerebral cortex, hippocampus and cerebellum) were left in each of the following solutions or substances for 2 h in a shaker plate at 80 rpm, changing each solution or substance every hour (room temperature). Firstly, brain structures were left in tap water, after which they were immersed in 1 : 1 hydrogen peroxide solution (~12% H 2 O 2 ) until clarification was noticeable. Afterwards, the specimens were washed in tap water, followed by dehydration in the following ethanol series: 70% ethanol, 90% ethanol and three rounds of absolute ethanol.
Clearing
The brain structures were immersed in the following substances for 2 h in a shaker plate at 80 rpm, changing each substance every hour (room temperature). Firstly, brain structures were immersed in benzene, followed by immersion in methyl salicylate and benzyl benzoate (5 : 3, vol : vol). The brain structures were immersed in the mounting media glycerin for 1 h also under agitation (80 rpm), followed by 1 h in a new glycerin solution.
Mounting
Brain structures were mounted in double-sided glass slides. Previously, a glass cover was mounted on one side of the glass slide with Entellan. After total induration of the resin, the brain structure was mounted in the glass hole with glycerin and covered by another glass cover, using a commercial nail shiner.
Note: mounting must be made under stereomicroscopy and air bubbles taken off. It is important to take care when mounting because the best images will be taken from parts of the specimen closer to the cover glass. The double-sided glass slide thickness must be made according to the specimen thickness. If the specimen is too thin, we suggest making the double-sided glass slide on aluminium, because the perforation of a very fine glass slide with a drill will render the glass to break. Aluminium is easy to drill and lighter.
Dissection method
Dissection was performed under stereomicroscope (Metrimpex; PZO, Labimex, Hungary) using surgical instruments.
Confocal reflection microscopy
China ink-embedded and clarified specimens were mounted on double-sided glass slides. Specimens were imaged by reflection confocal microscopy using a Leica SP5 system with either a 920 APO-0.70 or a 940 1.25 oil-immersion objective. Samples were illuminated with a 561-nm diode laser, and reflected images were collected in a hybrid GsAsP detector with the emission range set to 531-555 nm. Images were processed with IMAGEJ or IMARIS (Bitplane) software.
Design-based Stereology: a workable application of the method in one hippocampus.
Volume of the hippocampus
The volume of the hippocampus was estimated by its buoyant weight (liquid displacement) in saline (Scherle, 1970) before and after clarification and clearing. The corrected hippocampus volume [V HIP(corrected) ] was expressed as follows (Howard & Reed (2010) :
Volume density of vessels in the hippocampusV v vessels=hippocampus and Total volume of vessels in the hippocampus (V Tvessels/HIP ).
The volume density and total volume of vessels within the hippocampus were estimated following the procedure as described by Howard & Reed (2010) .
Volume density of vessels in the hippocampusV v vessels=hippocampus :
The estimation of the volume density of vessels was performed using equally spaced (between-sections distance = 30 lm) 1-lm-thick thin optical planes, and covering the whole reference space (hippocampus volume) by using a systematic and uniformly random sampling regime as published by Gundersen et al. (1999) .
The fractional volume of hippocampus occupied by vessels was estimated by point counting. We counted the total number of points falling on vessels (∑P vessels ) and the total number of points falling within the hippocampus (∑P HIP ). The volume density of vessels within the hippocampus was therefore estimated as ( Fig. 1 ):
Finally, the total volume occupied by vessels in the hippocampus was estimated by multiplying the fractional volume of vessels by the total volume of the hippocampus as indicated below:
Results and discussion
Volume of the hippocampus
The initial volume of the hippocampus was 0.077 cm 3 (before clarification and clearing) and, after clarification and clearing, the estimated shrinkage was 63.6%. Therefore, the corrected volume of hippocampus [V HIP(corrected) ] was 0.028 cm Volume density of vessels in the hippocampuŝ V v vessels=hippocampus and total volume of vessels in the hippocampus (V Tvessels/HIP ).
The fractional volume of hippocampus occupied by vessels was 0.079, and the precision of this estimate given by its coefficient of error [CE(V V ) -estimated as described by Gundersen et al. 1999 ] -was 0.03.
Finally, the total volume occupied by vessels in the hippocampus (V Tvessels/HIP ) was 0.002212 cm 3 , which equates to 2.21 mm 3 . In this study, we generated images of brain vessels by confocal laser-scanning microscopy of transparent China ink/gelatin-injected specimens after clarification by Spalteholz's method (Figs 2 and 3) . China ink-injected samples efficiently reflected light that could be imaged using a confocal microscope in reflection mode (Movie S1). Furthermore, images of pia mater acquired without clarification showed that tissues were adequately injected (Movie S1). Z-sectioning revealed that the China ink fully perfused blood vessels and that the laser penetrated on average 375 lm in the z-axis of the samples. Thus, we showed that gelatin provides a suitable medium for delivering China ink into blood vessels. Next, we imaged a variety of tissues from clarified brains. Blood vessels were also observed in the cerebellum (Fig. 3A , Movies S2 and S3), hippocampus (Fig. 3B , Movie S4) and cortex (Fig. 3C, Movie S5) .
This method has the advantage of enabling vessels to be imaged in tissues clarified by simple perfusion with a solution, rather than the use of elaborate techniques that rely on the expression of fluorescent proteins or dyes. Immunohistochemistry, which restricts visualization to individual sections, also involves protocols with variables, such as dilutions, incubation times, and the quality of antibodies and fixation, that can affect the results. The low cost and ready availability of common gelatin and China ink represent major advantages of our technique. Another advantage is the possibility to obtain images of brain structures without previous physical (microtome) sectioning. The original Spalteholz's method for clarification promotes deep transparency of brain tissues and requires simple steps that can be performed in a basic laboratory. We observed, however, that longer periods of clarifications (over 2 months) than this protocol recommends can generate undesirable background on captured images.
A double-sided glass slide was developed to allow penetration of a laser from both sides of specimens (Fig. S1) . The 2-mm-thick glass and 10-mm-diameter hole in the glass slide are suitable for mounting the whole hippocampus and selecting specific cortical areas without sectioning. This arrangement, together with the quick clarification procedure, allowed for a laser mean penetration of 375 lm on the z-axes of each side of the sample (total = 375 9 2 = 750 lm).
This method may be suitable for global, 3D, quantitative analyses of vessels, including stereological estimations of total volume and length and of surface area of vessels, which constitute indirect approaches to investigate angiogenesis.
The Spalteholz method may lead to tissue distortion (shrinkage/swelling). For instance, in our workable example of the application of this method, the total volume of vessels in the hippocampus is expressed as the product between the volume density of vessels and the reference volume of the compartment that contains those vessels (hippocampus), and the latter may be affected by tissue distortion. Therefore, we need to account for the potential distortion a tissue (or organ) may undergo during any technical preparation (at both macroscopic and microscopic levels) using the following formula:
V organ (corrected) = (final organ volume À initial organ volume)/initial organ volumeand the equation gives you the tissue distortion (after processing) of the reference space to be then corrected (see the correction formula provided on line 150) and multiplied by the volume density to finally provide the correct estimation of the total volume of vessels in the hippocampus (Howard & Reed, 2010) .
Conversely, only when using a direct method to estimate the total number of a given particle, i.e. the Fractionator method, tissue distortion will not affect such estimation. For example, the direct estimation of the total number of vessels using the Connectivity Principle by means of the Euler number or Euler-Poincar e characteristic coupled with the Fractionator method (Tang et al. 2009; M€ uhlfeld, 2014) .
Quantification of vessels and haemodynamic studies can be performed in vivo for cerebral microvasculature imaged on X-ray CT, ultra-sonography and photoacoustic microscopy. Other methods such as two-photon microscopy and confocal microscopy require exogenous fluorescent agents and protocol variables that can affect the results (Liu et al. 2013) . Kellner et al. (2012) imaged mouse lung structure and its vessels with SLOT, using the Spalteholz method. SLOT permits rotational view of the immersed specimens in clearing solution, demonstrating this clearing method is very useful for the lung, but the authors warn that could be a serious challenge to image dense organs using SLOT.
We demonstrated that confocal laser-scanning microscopy reflection imaging of China ink-perfused brain vasculature using confocal laser-scanning microscopy after clarification of brain tissue by the Spalteholz method shows high resolution for vessels images and deep penetration of the laser in the cortex, hippocampus and cerebellum. This high quality of images and the designed double-sided glass slide that permits the capture of images in both sides of specimens allowed the stereological quantification of vessels.
In conclusion, the method described here is a low-cost, easy-to-make and useful one to image and conduct both swift and non-destructive qualitative and quantitative assessments of vessels in the brain of laboratory animals aiming at studying different pathologies such as cancer (Li & Li, 2014; Sie et al. 2014) , epilepsy (Mintzer, 2014) and dementia (Gorelick et al. 2011; Kelleher & Soiza, 2013; Lyros et al. 2014; Jellinger & Attems, 2015) or different conditions that promote angiogenesis such as physical exercise (Logsdon et al. 2014) .
